Abstract: In a highly distributed power system (HDPS), micro renewable and low carbon technologies would make a significant contribution to the electricity supply. Further, controllable devices such as micro combined heat and power (CHP) could be used to assist in maintaining stability in addition to simply providing heat and power to dwellings. To analyse the behaviour of such a system requires the modelling of both the electrical distribution system and the coupled microgeneration devices in a realistic context.
BACKGROUND
The electricity industry in the UK is under increasing legislative pressure to significantly reduce its greenhouse gas emissions and move towards a low carbon (LC) electricity supply. The Government's Energy White Papers of 2003 [1] and 2007 [2] set out aspirational carbon emissions targets of a 60 per cent reduction by 2050 and a possible strategy to achieve them. One component of this strategy is to exercise policy and regulatory measures such that the electricity system moves from relying almost exclusively on large, transmission-connected thermal power stations, and migrating towards accommodating smaller, more environmentally sustainable forms of generation connected to distribution networks [3] . The highly distributed power system (HDPS) concept is based around the future vision that large numbers of independently owned and operated generators are connected across all voltage levels within the distribution network [4] . Similarly, the adoption of demand side management and energy storage technologies is significantly increased. At the same time, the level of large-scale thermal capacity is reduced, as planned plant decommissioning is not fully offset by new build large-scale projects, e.g. nuclear, clean coal, combined cycle gas turbines, or large-scale renewable developments such as offshore wind. Although the transmission infrastructure of the UK is modified to support the bulk transfer of power from remote, large-scale renewable sources, its role in supplying the total distribution demand would be diminished as the number of distributed and microgenerators increase. Within HDPS, generation connected to the distribution network becomes a key component of how the electricity supply system as a whole is planned, designed, and operated. The HDPS concept can be summarized by the phrase 'many loads -many sources', in contrast to the traditional 'many loads -few sources'. In order to realize this future vision for the electricity supply system, a sound understanding is required for the behaviour of distributed resources and what their impacts are across the network. This will be particularly important in planning the future network investment required to support large numbers of local generators.
Gaining a proper understanding of the behaviour of the HDPS requires the modelling of both the electricity network and the coupled microgeneration devices in a realistic operational context. However, this presents a complex engineering challenge. The phenomena that need to be accounted for span several orders of magnitude, both in terms of power ratings and the time constants associated with the dynamic response of equipment. For example, the performance of individual power sources is of interest and detailed modelling of their performance is desirable as, ultimately, their operational characteristics will impact upon the overall operation of the HDPS. However, system performance at higher voltage levels and power flows is also of interest, but many thousands of microgenerators may be present on a section of network and modelling of them all in detail would pose a significant computational challenge. To address this, a pragmatic, modular simulation approach has been developed.
The following section briefly reviews previous studies and contrasts them with the modelling approach developed in this paper; this is described in detail in section 3. Section 4 applies the modelling approach to analysing the impact of significant penetrations of microgeneration on a typical UK suburban electricity distribution network. The penetrations used have been defined according to different growth scenarios for microgeneration devices [5] . Section 5 summarizes the outcomes of the analysis and indicates further analysis that could be undertaken with the method described.
LITERATURE REVIEW
A number of previous studies in the public domain have investigated the technical issues surrounding the connection of a large number of microgenerators in a small area of network such as a new build housing development [6, 7] . These and other studies generally focused on larger distributed generation [8] and addressed key industry concerns such as: the potential increases in network fault level, quality of voltage regulation, voltage imbalance, and the breach of thermal constraints. The issues of voltage regulation and thermal constraints have been the most significant in high-voltage (HV) networks. Restrictions are imposed on the amount and location of generation due to the possible failure of voltage regulation schemes when subject to varying bidirectional power flows or a lack of thermal capacity in remote rural circuits when large scale renewable generation is connected [9] .
Most studies conducted to date have been somewhat simplistic in their approach and considered the extremities of generation and demand coincidence. The occurrence of maximum local power generation and minimum demand has been widely studied due to its importance in a traditional deterministic approach to network design. However, such a conservative approach to network analysis could lead to a large capital investment costs across the network that may not be wholly justifiable. It is evident from the published material that accurate profiles for both the demand and generation are vital for understanding the true nature of network performance with microgeneration. Identifying the true level of capital investment required is an essential precursor to any widespread move towards the HDPS.
MODELLING APPROACH
To provide a more realistic assessment of likely system performance, the authors have developed a detailed, modular modelling approach to HDPS in which the performance of a representative sample of microgenerators is modelled explicitly using the ESP-r building simulation tool [10] . The outputs, sample power generation time series profiles, are then manipulated and replicated in order to create a large population of diverse devices and provide appropriate boundary conditions suitable for a network simulation.
The practicality of the approach is demonstrated through its application to the analysis of a section of typical suburban 33 and 11 kV electricity distribution network featuring a high penetration of microgenerators, the objective being to assess any potential problems or benefits, which may result from widespread deployment of these devices. Problems (such as unacceptable voltage deviations or persistent overloading of cables) resulting from increased small-scale generation have the potential to be a significant barrier to the deployment of microgeneration. It is useful to be able to make a realistic assessment of the nature of any problem in order to determine whether it can be mitigated through more intelligent operation of microgenerators, or whether network investment is required.
The following sections describe the components of the modular simulation approach in more detail.
Detailed device modelling using building simulation
In the ESP-r tool, the building and its associated energy systems are represented explicitly using multiple energy-based control volumes, which are applied consistently throughout the model. In this context, a control volume is an arbitrary region of space to which conservation equations for continuity, energy (thermal and electrical), and species can be applied and one or more characteristic equations formed. A typical building model will contain thousands of such volumes, with sets of equations extracted and grouped according to energy system. Solutions of these equations sets with real dynamic climate data, coupled with control and occupancy-related boundary conditions yields the building's time-varying energy flows over a user-defined simulation period. As the microgeneration device models are an integral part of the overall ESP-r building model [10] , the power generation profiles generated using this approach incorporate the effects of climatic variation, end-user behaviour (in the case of micro combined heat and power (CHP)) and, importantly, the interaction with the building and balance of plant.
CHP technologies
The performance of micro-CHP is heavily influenced by the means of control. Most devices are heat-driven and so modelling of the dynamic building thermal load and the CHP unit thermal dynamics are essential to obtain the realistic power generation profiles. Ferguson and Kelly [11] describe a dynamic thermal model for combustion-based micro-CHP that can be integrated into a larger building and balance of plant model. The model enables the temperature of the engine jacket and the water supplied to the building's heating and hot water services system to be determined along with the time-varying electrical power output. This is illustrated in Fig. 1. 
Renewable devices
In ESP-r, renewable devices are modelled in a similar fashion to micro-CHP devices: a control volume approach is applied and the device is an integral part of the larger building model.
Photovoltaics. ESP-r's photovoltaic (PV)
device model comprises two elements: an electrical model and a thermal model, which is effectively an explicit representation of the PV device construction. Each layer of material is represented by multiple material control-volumes. The model is described in more detail by Kelly [12] .
The thermal model is used to calculate the temperature of the PV in response to fluctuations in air temperature, wind speed, solar radiation, and transient conduction through the building fabric. The electrical model calculates the electrical output of the PV device based on the prevailing solar radiation intensity and calculated PV temperature; both of these parameters are passed from the thermal model. Figure 2 shows the calculated electrical output from a 1.02 kWp of crystalline silicon PV array located on the roof of a dwelling in Glasgow during a spring week.
Wind power devices.
Micro wind power devices (μ-WTG) are relatively straightforward to model using building simulation tools. The model used here is based on that described by Grant and Kelly [13] . The data needed to calculate the device power output, wind speed and direction, are already used as boundary conditions for the building model. The time-varying output of the wind power device is modelled using a power-coefficient-based-function. The wind data are modified in two respects to give an accurate representation of the energy yield. First, the incident wind velocity (derived from real, site-related climate data) is manipulated to account for the urban location of the wind turbine using a reduction factor: this effectively maps the wind profile associated with open site) to a profile more appropriate for urban locations. Second, the data are manipulated statistically to account for the effect of wind gusts on power output; these have a disproportionate impact on a small wind power device's energy yield as the power generated is proportional to wind speed cubed. Figure 3 shows the simulated output from a 1 kWp (at 12.5 m/s) located on the roof of a dwelling in Glasgow over a week in autumn. Note that the power output achieved is significantly less than that suggested by the peak power rating.
Profile replication and manipulation
The base case profiles are all generated at a resolution of 5 min and intrinsically contain the effects of climatic variation, geographic locality, building characteristics, and occupant behaviour. However, to generate the thousands of profiles needed to populate a detailed HDPS model would be computationally prohibitive. A more efficient approach is to add diversity by creating variants from a base set of demand and generation profiles. This approach is illustrated for generation in Fig. 4 . For each of the three microgeneration types (CHP, PV, and wind) base profiles are generated using ESP-r with the underlying generation profile data as summarized in Table 1 .
In addition to those variables shown in Table 1 , regional and geographical effects are areas of potentially strong influence. For example, different renewable technologies will be more suited to different climatic regions. However, in this case, only a suburban location will be considered. Seasonal effects are accounted for by generating separate profiles for a summer, winter, and transition week.
Previous studies have used high/low generation output by technology type [6, 7] to account for diversity. Here, further diversity is added by adding vertical (kW) and horizontal (time) variation of the base generation profiles, accounting for the effect of localized variations between microgenerators e.g. different heating control settings in different dwellings (CHP), clouds passing over the sun (PV), and turbulent wind effects (μ-WTG). Table 1 highlights these of variations.
The different combinations of generation type with dwelling type, occupancy and orientation give a total of 24 base case profiles.
To create a 'new' generation profile a suitable base case is selected and then a variant produced using the user-defined variability limits. For example, if a microwind turbine profile has limits for magnitude (kW) and time variation of 10 per cent and 2 min, respectively, then the profile magnitude could be varied by up to ±10 per cent and on/off times varied by ±2 min; the exact variation is generated based on a constrained random number with a flat probability profile across the interval defined by the limits. In this way groups of generation profiles can be created and then passed to the electrical network modelling tool (aggregated if required) as boundary conditions. Base case demand profiles are generated for different levels of demand, termed high, medium, and low with base case data available for a full year for each of the three demand levels. In each case, a representative week for each month of the year is employed. The demand data, like the generator data, is available at 5 min sample intervals. A total of 36 base case demand profiles are available.
Using a similar approach to that employed to generate diverse populations of generation profiles, the demand profiles are varied according to both vertical (kW) and horizontal (time) user defined limits. A population of different demands with diversity effects can then be generated from each base case demand profile.
Modelling the network
The model of the electricity distribution system used to investigate the effects of microgeneration on network conditions is constructed so as to combine the goals of efficient simulation and the investigation of enough locations to be representative of the entire network. Thus, although the model extends from the interface between the 132 kV subtransmission system to the 400 V low voltage bus bars, only one area of 11 kV distribution is fully modelled in detail. All other loads and generation are represented by lumped equivalents at the appropriate locations.
The network is simulated using standard load flow analysis software -in this case the PSS/E tool [14] , although others could be substituted. A balanced three-phase simulation is assumed; therefore, analysis does not extend to individual dwellings. At the most detailed level of modelling, loads and generators are aggregated at the terminals of 11 kV/400 V transformers. The load and generation boundary conditions calculated by the process described above are applied at relevant points in the network, and load flow solutions calculated at 5 min intervals over a user defined period; typically a week corresponding to the load and generation boundary data. This yields a timeseries of network states, in the circuit power flows and bus bar voltages, which can be examined for violations of operational and statutory constraints.
SIMULATIONS
A number of authors have proposed scenarios of future circumstances in the UK electricity industry and in the wider energy sector (e.g. RCEP [15] ; Anderson et al. [16] ; and Elders et al. [17] ). To illustrate the method proposed in this paper, a set of scenarios specifically considering the development of smaller-scale generation and low carbon technologies is analysed.
2020 generation and demand scenarios
Three scenarios have been developed by Jardine [5] 
The three scenarios can be summarized as follows.
Business as usual (BAU)
This scenario envisions a future in which current trends in technological progress, environmental awareness, and policy continue to 2020. As a result, demand for domestic electricity continues to grow, and large centralized generation remains much more important than decentralized plant. Although there is limited movement towards adoption of domesticscale generation -including both micro-CHP and renewables -the domestic sector remains reliant on centralized sources for the great majority of its electricity demand.
Low carbon (LC)
The LC scenario describes a future in which environmental concerns become increasingly strong and in which carbon reduction is a priority. As a result, energy efficiency leads to a progressive reduction in electricity demand, led by the domestic sector. Decarbonization of centralized electricity generation encourages increased deployment of electric heating in new dwellings, but this is offset by significant uptake of micro-CHP and roof-top renewable technologies. By 2050, under this scenario, some households are net electricity exporters.
Deep green (DG)
The DG scenario considers an alternative vision of a future in which reduction of carbon emissions is a priority. The costs of electricity generation from fossil fuels are assumed to be higher than in the LC scenario -either because of market forces or regulatory action. Therefore, in addition to complete decarbonization of centralized generation, micro-CHP technologies see less deployment as a result of higher gas prices; conversely micro wind and photovoltaic generation is more widely installed. As before, energy efficiency measures lead to a reduction in overall electricity demand, although there is an increased interest in heating domestic properties using carbonfree electricity. These scenarios -which have been developed with reference to other energy and power studies [17] provide alternative possibilities of the conditions under which distribution systems would be required to operate. The proportions of domestic dwellings possessing the microgeneration technologies considered in this paper under each scenario is shown in Table 2 .
In order to quantify the effects of the different combinations of domestic-scale generation technologies envisioned, the microgeneration modelling approach described previously has been applied to a model of a typical British suburban electricity distribution network.
Overview of the network modelled
The network used for this study is typical of that to be found within a suburban area in the UK, and is connected to the transmission system using two circuits originating at a grid supply point (GSP) with a voltage transformation of 132/33 kV. Nominal distribution voltages of 33, 11, and 0.4 kV are used with a predominately radial network topology. Circuits at 33 kV use overhead lines, whereas the 11 and 0.4 kV circuits are constructed using underground cables. On-load tap changers are installed on the transformers within the GSP and at primary substations (33/11 kV) and off-load tap changing is possible at secondary substations (11/0.433 kV). Dual supplies from different sections of the GSP bus bar are used to supply each primary substation, whereas secondary substations are supplied using a normally open loop arrangement originating at a sectionalized bus bar within a primary substation. A single line diagram is provided in Fig. 5 and shows the distribution from the GSP down to the primary substation level.
In order to investigate the effects of microgeneration on conditions in the 11 kV network, one of the 11 kV circuits fed from substation C is modelled in more detail, as shown in Fig. 6 . The network contains a mixture of industrial and residential loads; a proportion of the residential loads are assumed to be associated with microgeneration. Industrial loads are assumed to be constant. The remaining four 11 kV networks are 
Profile generation
The profiles generated for the modelling exercise broadly reflect the local generation mix outlined in the scenarios, featuring micro-CHP, micro wind turbines, and photovoltaics. The base micro-CHP profiles were created using multiple simulations of a 1.2 kWe Stirling engine unit supplying heat and power to two different housing types: a semi-detached and detached dwelling. Further, each dwelling model was simulated with two different occupant characteristics: an intermittent profile representative of a working family and a continuous profile representative of retired occupants. The models have been adapted so that their levels of insulation, and consequently their heat demand reflect with future improvements in building energy efficiency. Each building model also includes a detailed model of the heating and associated control systems.
The PV profiles were generated using the model of the detached dwelling with a 1.02 kWp crystalline solar array attached to the roof. Multiple simulations were run with the array orientation incremented from East to West through South to account for differing roof orientations: East and West represent the extremes of what could be considered a viable PV installation.
Finally, the micro wind profiles were generated using a 1 kWe turbine model attached to the roof of the detached dwelling. Tables 3 and 4 provide information regarding the number of customers and the generation mix at each secondary substation. Tables 3 and 4 are used to identify the number of each type profile that needs to be generated for the 2020 scenarios from the base generation profiles at each bus. The variation range utilized in each case is given in Table 4 . A total 199 generation profiles were created for the business as usual (BAU) scenario and 532 for the DG scenario. The proportion of households fed from each of the other 33 kV substations having microgenerators was assumed to be the same as for substation C. Four further aggregate profiles, using the numbers of generators shown in the 'total' row of Table 4 , were produced to represent customers supplied at these locations. It should be noted that substations A, B, D, and E (Fig. 5) were assumed to supply residential customers only; no fixed industrial load element was added to the load profiles for these sites.
The aggregated demand profile at each bus utilizes the customer numbers specified in Table 3 . An individual demand profile was generated (with diversity set at ±4 per cent kW only) for each customer at each bus before aggregation.
It should be noted that the demand and generation profiles produced for this study through this process are based on the application of current technologies. Over the timescales envisioned by the scenarios (up to 2050), it is possible that new devices will become available that will significantly increase the capacity of the microgeneration deployed within an individual dwelling. For example, the greater electrical efficiency of fuel-cell CHP systems [18] over the engine-based systems modelled here would require the installation of a device of greater electrical output in order to satisfy the same thermal demand. Similarly, developments in renewable devices might allow a greater generation capacity to be affordably integrated into a building. To make an initial (albeit crude) assessment of the impact of such changes, the density of microgenerators was quadrupled prior to the (speculative) 2050 network simulations. Although this does not fully substitute for a detailed simulation of the operating characteristics of future devices, it does provide a rough indication of the extent of any problems or benefits derived from significantly increased penetrations of microgeneration. S 3  6  3  3  5 6  1 7  6  4  4 1  1 7  1 0  6  3 5  S4  9  5  5  85  26  10  7  61  26  15  10  53  S5  27  15  15  249  76  30  21  179  76  45  30  155  S8  23  13  13  213  65  26  18  153  65  39  26  132  S9  30  16  16  277  84  33  23  199  84  50  33  172  Total  95  52  52  880  268  105  73  633  268  159  105  547 A total of seven network simulations were undertaken covering a current day operating case (no microgeneration), the three 2020 scenarios, and the three 2050 simulations. The simulations were conducted using data for a typical spring week. are very slightly reduced by the connection of microgeneration, and that at some times of day there is a reversal of power flow in circuits serving purely residential load, so that a few tens of kilowatts are being exported from 11 kV substations into the 33 kV network. Study of the network voltages shows two effects. First, voltages in the mixed industrial/residential portion of the 11 kV network have reduced significantly. This effect arises as a result of an automated change in ratio of the 33/11 kV transformer to maintain the voltage within acceptable limits. Since such ratiochanging devices tend to implement a relatively coarse control of voltage the observed change is relatively large, but takes place only once; no further changes occur as generation output varies in each scenario. Second, it can be seen that the voltage drop from the 11 kV supply point to the remote 11 kV substation has reduced significantly, particularly at times of peak generation. This may have implications for the correct configuration of the control system to maintain acceptable voltages throughout the network. Overall, this analysis reveals little of serious concern for network planners and operators. However, the significant change in the voltage experienced at 11 kV substations, which are electrically remote from the supply point suggests that further investigation of the effects of microgeneration on conditions in the low voltage network would be desirable. Under these scenarios, it can be seen that the trends emerging in Figs 8(a) and (b) and 9(a) and (b) have become more pronounced. In particular, the increased capacity of individual microgeneration installations under the LC scenario produces a situation in which power export from residential areas is the normal mode of network operation, as shown in Figs 11(a) and (b). Indeed the peak flows in the residential network are towards the central electricity grid in this case, which may require the selection and setting of network components to be reviewed. It is also noticeable that the general rise in network voltages identified in Figs 8(a) and (b) and 9(a) and (b) has seen further increase, particularly at remote 11 kV points. This may be indicative of more significant rises in voltages in the underlying low-voltage network to which microgeneration is connected. Further study and analysis using the techniques outlined in this paper may be desirable.
RESULTS AND DISCUSSION
In summary, the results presented here do not identify any significant problems in the network considered as a result of the connection of reasonably foreseeable volumes of micro-CHP and micro renewable generation in residential properties. However, the study only considers a spring week, further analysis is required to assess networks behaviour in winter and summer.
It should be noted that the study does not consider wider aspects of the transition from an overwhelmingly centralized generation portfolio to a more decentralized future such as:
(a) a reduction in the volume of large central generation in operation, with consequent lessening of the rigidity with which conditions at the transmission/distribution interface are fixed; (b) the connection to the distribution network of medium sized CHP plants associated with industrial and commercial loads; (c) significant changes in domestic and industrial power consumption due to energy efficiency measures or migration from gas-based to electricallypowered heating systems (e.g. heat pumps).
Application of the modelling techniques described in this paper to such circumstances will yield valuable further insight into network behaviour. Control of loads and microgeneration devices is not attempted in this study; however, the effect of systems-level control on network performance could be studied using a variation of the approach described.
One way to achieve this would be to replace the fixed profiles with simple profile generation models (perhaps trained using pre-simulated data) that would generate boundary conditions at each load flow simulation time step and that could respond at any point in the simulation to a network control signal by varying the boundary conditions accordingly (i.e. shutting load on or off or switching CHP on or off ).
Finally, this study has concerned itself with a suburban distribution network. Such networks are inherently compact and thus are unlikely to be as susceptible to voltage variations as rural networks. Conversely, the relatively low density of suburban housing means that the volume of generation connected within the network may be significantly less than in an urban case. Application of the techniques described in this paper to a variety of networks -and considering also the diverse designs of distribution network in use in the UK and abroad -would yield a fuller picture of the implications of increased decentralization of electricity generation.
CONCLUSIONS AND FURTHER WORK
This paper has presented an approach to analysing the effect of increased deployment of different microgeneration technologies on electricity network. In comparison to previous studies, the method presented here analyses the likely output of microgeneration through the modelling of the energy demands and generation from individual dwellings. In addition, unlike traditional approaches to electricity network planning, which mainly consider extreme conditions such as minimum and maximum load and generation, the method described in this paper permits the analysis of network conditions through time. This approach allows potential problems to be identified and the quantification of their likelihood of occurrence. Thus, it is possible to determine whether operational problems are common enough to require costly investment in network upgrading, or whether simpler, cheaper solutions such as occasionally constraining the network output will suffice.
The paper has shown the application of the analysis approach to a typical British suburban electricity network for one season of the year. Although no particular problems arising from increased microgeneration have been identified, further studies, considering, for example different periods of the year, urban and rural networks, together with examination of conditions in the low-voltage, single-phase part of the network would give a fuller picture of the impact of large-scale deployment of domestic scale generation, and permit policy in relation to its deployment and connection to the network to be better formulated.
